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ABSTRACT
Degradation of Emerging Contaminants by Advanced Oxidation Using Multi-Walled
Carbon Nanotubes and Continuous Ozone Injection
Emily Miller
With a growing population and continuous accumulation of pollutants, water resources
worldwide are quickly being depleted. Drastic improvements need to be made in both
water conservation and treatment. Advanced oxidation processes (AOPs) have been
developed to go above and beyond the capabilities of traditional wastewater treatment
facilities to eliminate emerging contaminants from our water systems. AOPs increase the
generation of hydroxyl radicals (•OH) in oxidation reactions, which are less selective and
more reactive than other oxidants, such as ozone, so they are more effective at degrading
persistent compounds. This study explored an AOP that utilizes ozonated multi-walled
carbon nanotubes (MWCNTs) to generate •OH; past research has proven the success of
this method of water treatment, showing a significant decrease in the effluent
concentration of the tested compounds. However, these previous studies used a batch
system with an initial aliquot of ozone, which would not be a feasible option in a
commercial application. This research compares results from a semi-batch system with
a continuous injection of ozone to these previous batch system studies to determine if
continuous ozonation improves •OH generation capability, contaminant degradation, and
the associated reaction kinetics. Results from batch studies had shown limitations to both
•OH generation and contaminant degradation which were suspected to be due to ozone
degradation; however, these results suggest that ozone availability is in fact not a limiting
factor to •OH or contaminant degradation, and another mechanism must be at play.
Further, to advance the AOP toward a commercially feasible design, a continuous flowthrough system with a MWCNT embedded membrane was explored. The continuous
system achieved 80% contaminant degradation in some cases, however, with varying
retention times and efficiencies over time, the results were inconclusive and additional
experimentation is required.
Keywords: emerging contaminants, advanced oxidation processes, ozone, carbon
nanotubes
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Chapter 1
INTRODUCTION
Water is the foundation of life on Planet Earth. As human society has evolved, water has
played a crucial part in the development of sanitation, agriculture, transportation,
industrial systems, power generation, etc. [2]. Water makes up 70% of the Earth’s
composition, and while all of this water supports life, the survival of land species,
including humans, relies primarily on fresh water, or water that does not contain high
amounts of salt [3]. Of the water on Earth, only about 2.5% is fresh water [2]. Of that
2.5%, about 69% is frozen in glaciers and ice caps and 30% is held in groundwater
aquifers, leaving less than 1% readily available on the surface in rivers and lakes [2].
With stress from a growing population and a continuous inflow of pollutants, available
freshwater is being stretched thin.
Every substance used by civilization eventually becomes part of the waste stream [4].
Both municipal and industrial pollutants in urban and rural areas impact the freshwater
resource [5]. Technology exists for water to be considered a renewable resource [4].
Existing wastewater treatment facilities are designed to remove pollutants to levels
acceptable under the local regulations for the intended use of the effluent water, whether
it be discharge to the natural environment, irrigation, or aquifer recharge for indirect
potable reuse [6]. There is a whole class of emerging contaminants (ECs), however, that
are untreated by wastewater plants and are now being detected in natural environments
[7]. Higher concentrations of these compounds present in natural water systems leads to
aquatic life exposure and detectable concentrations in drinking water sources [8].
Currently the association between the EC concentrations in the environment and human
1

health is up for debate [6]. Therefore, less emphasis has been placed on creating
regulations for each new compound that is introduced to waste streams. The
concentrations of ECs in the environment are accumulating as they continue to pass
through wastewater treatment plants and other discharge points untreated and without
regulation [8]. The limited water resources available for human use must be protected as
the necessity for clean water grows and more effort must be put toward removing these
chemical compounds before they accumulate to levels that definitively affect humans and
the environment [8].
With the water demand estimated to increase by 55% by 2050, better water reclamation
systems that can effectively address ECs are going to be necessary to safely sustain the
population and environment [8]. These contaminants are often resistant to
biodegradation, sorption, and most natural degradation processes that are used in existing
wastewater treatment plants [6]. Water and wastewater treatment plants will require
additional processes to eliminate ECs from the effluent stream.
Advanced oxidation processes (AOPs) have become increasingly pertinent to the field of
water and wastewater treatment as a method of treating ECs. AOPs use the oxidation
power of chemical oxidants, such as ozone or UV light, combined with hydrogen
peroxide (H2O2), metal oxides, or activated carbon that help initiate the formation of
reactive hydroxyl radicals (•OH) [6]. •OH radicals are reactive electrophiles, thus they
have high reaction rates and degrade electron-rich organic compounds more quickly and
less selectively than other oxidizers [9], [10].
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This study focuses on an AOP using ozonation of carbon nanotubes to create •OH [6]. In
the process of ozonation, ECs are oxidized by both ozone and the •OH that are created as
a transient product of ozone decomposition in water [9]. Because of the selectivity of
ozone oxidation, only compounds with certain functional groups or structures are
degraded well by ozone alone [9]. Compounds that only react with the •OH generated
during the ozonation process are considered ozone recalcitrant. •OH generation rate
during ozone decomposition is approximately 13-41% moles of •OH per mole of ozone
consumed [9]. This yield is too low to effectively remove ozone recalcitrant ECs by
conventional ozonation [9]. To mediate this issue, the addition of a number of different
catalysts have been studied that can accelerate ozone transformation to •OH [9].
Catalysts have shown through numerous studies to improve the effectiveness of
ozonation on organic compounds [6], [11]. The type of reaction that takes place and the
efficiency of that reaction depends on both the catalyst used and the contaminant targeted
for removal. One of the more prominent mechanisms of catalytic ozonation, as observed
in previous studies, involves ozone adsorbing to or reacting with the surface of a catalyst
allowing •OH generation to occur [8]. Degradation efficiency of various compounds has
been shown to be improved by the presence of nitrogen groups on the surface of the
catalyst. The nitrogen groups increase the electron density of the surface, thus increasing
the ability of ozone to produce •OH [8].
There have been a variety of catalysts studied, including both metal oxides and carbonbased substrates [8]. Studies such as Sanchez-Polo et al (2006) explored the use of
catalytic ozonation with granular activated carbon (GAC). They found that the reaction
rate was much slower than previously used AOP methods, that •OH production is related
3

to surface area, and that GAC has a tendency to degrade with repeated exposure to ozone
[11]. In this study, the substrate being utilized for •OH generation are multi-walled
carbon nanotubes (MWCNTs). MWCNTs provide a high external surface area as well as
excellent strength and thermal stability; these qualities help maximize the production of
•OH while minimizing degradation of the MWCNTs themselves when exposed to ozone
[6].
1.1 Research Questions
All previous studies exploring ozonation of MWCNTs as an AOP used batch reactor
systems throughout their experimental process, where the sample was exposed to an
initial aliquot of ozonated phosphate buffer solution [1], [6], [11]. In a batch reactor
system, ozone concentration decreases throughout the run period, further complicating
the reaction kinetics involved in the degradation of the contaminant in question. A batch
reactor is also infeasible in an actual water treatment scenario since only small volumes
of water could be treated at a time and each run would have to be performed manually.
This study explores the use of continuous ozonation to create a semi-batch system
(Phase 1 and 2) and the efficacy of the AOP with a continuous flow-through membrane
more similar to proposed application conditions (Phase 3). The results of this study will
aim to answer three main questions:
1. How does •OH production via ozonation or MWCNTs with continuous ozone
injection compare to a batch system of the same AOP with an initial aliquot of
ozone?
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2. How does continuous ozonation of MWCNTs effect the reaction kinetics of a
specific ozone recalcitrant contaminant compared to a batch system of the
same AOP?
3. Would a flow-through membrane technology yield similar results to the
continuous ozonation AOP and be a feasible option for application of the AOP
in water treatment systems?
1.2 General Approach
Three phases of this study were designed to explore a method of continuous ozonation to
compare results with prior research on the ozone and MWCNT AOP. In the first phase,
para-chlorobenzoic acid (p-CBA) was used as an indicator to determine if continuous
ozone injection in a semi-batch system would yield similar or better results in terms of
•OH generation, compared to a batch system [6]. The second phase implemented the
continuous ozonation method developed in Phase 1 to determine the reaction rate of an
EC of concern, atrazine, and compare the results to a previously performed batch system
study [1]. The final phase explored the use of a membrane embedded with MWCNTs
with a continuously ozonated atrazine sample flowing through [6], [12]. The existing
research on which each phase of this study is based, as well as the process and results of
each phase of experimentation are discussed in detail in the following chapters.

5

Chapter 2
LITERATURE REVIEW
ECs and methods for eliminating them from the environment are both relatively new
topics of discussion among environmental scientists and engineers. Existing literature
was reviewed to determine what conclusions have been made to-date and what ideas
require additional exploration.
2.1 Emerging Contaminants in Drinking Water
ECs, also referred to as micropollutants, are defined primarily as synthetic organic
chemicals with potentially harmful effects on aquatic and human life [7]. The term
micropollutants is used because they are generally present in water systems at
concentrations in the microgram or nanogram per liter range [6]. ECs include
pharmaceutical organic contaminants, personal care products, endocrine disrupting
compounds (EDCs), surfactants, pesticides, flame retardants, etc. [7]. High
concentrations of ECs in the environment have been linked to ecological damage, such as
interference with endocrine systems of living organisms, microbiological resistance, and
accumulation in soil, plants, and animals [7]. EDCs are known to be related to some
tumors and to create reproductive issues in aquatic species [8]. Studies have shown that
continuous exposure to a mixture of ECs such as pharmaceuticals may have additive or
multiplicative effects compared to those of any one of the drugs alone [6]. Additionally,
pharmaceuticals are intended to treat specific conditions and the spread of them through
the environment allows for the proliferation of antibiotic-resistant bacteria and for a
build-up of immunity in the human body so that the drug will not be as effective in those
who need it [8].
6

Most micropollutants are not currently regulated by wastewater treatment effluent
standards [6]. As analytical techniques improve, more ECs are being detected more
frequently [13]. Many studies have been done on the various ECs found in waterways to
determine the acceptable daily intake for humans and the average environmental
concentrations detected [13]. From these studies, the pollutants that have been deemed
highest priority for regulation and advancement of treatment technology include
industrials (PFOA, PFOS, and DEHP), pesticides, and pharmaceuticals and personal care
products [13].
2.1.1 Atrazine
Atrazine (ATZ) (Figure 2-1), a ubiquitous herbicide, is the target contaminant for Phase 2
and Phase 3 of this study. ATZ enters the environment predominantly through application
to crop fields, but can also be discharged during manufacture, formulation, transport,
and/or disposal [14]. The maximum contaminant limit (MCL) of ATZ, set by the U.S.
Environmental Protection Agency, is 3 μg/L [15]. Exposure to concentrations above the
regulatory limit have been correlated with adverse health effects including organ
congestion, weight loss, decrease in blood pressure, cardiovascular and reproductive
system damage, and possibly cancer [16].

Figure 1. Chemical Structure of 6-chloro-N-ethyl-N'-(1-methylethyl)-triazine-2,4diamine (Commonly known as Atrazine) [15].
7

ATZ has a solubility in water (ksp) of 33,000 μg/L and a half-life of up to 660 days in
anaerobic conditions [15]. Therefore, ATZ that migrates to the groundwater table has a
high possibility of reaching drinking water wells at concentrations above the MCL. Soil
adsorption is limited since ATZ has a sorption coefficient (Koc) of 100 g/mL. Traditional
filtration processes have also proven ineffective because of the low sorption capability of
ATZ [1]. ATZ is most effectively eliminated by degradation. As ATZ decomposes, many
by-products are formed (Figure 2-2), most of which the health effects are still unknown
[17].

Figure 2. Break-Down Products of Atrazine Degradation [17].
2.2 Ozone Oxidation
Most ECs can be eliminated using oxidation methods. Under ideal conditions, when a
compound is sufficiently oxidized it will be completely degraded into its core inorganic
components (i.e. CO2) through a process called mineralization [1], [6]. Ozone is a
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commonly used oxidant in water and wastewater treatment for disinfection and pollutant
removal while limiting most harmful by-products that are formed by other disinfectants
(DBPs), such as chlorine [18]. Ozone is an effective oxidant for conventional treatment
systems because it is highly reactive with microbial constituents. However, ozone is
selective and is relatively unreactive with inorganics and synthetic organic compounds
[18]. Hydroxyl radicals (•OH), formed as a by-product of ozone decomposition, are
highly reactive oxidants that react with a broad range of compounds, including ECs [1],
[6], [18].
With an ozone dose of 5-10 mg/L and a sufficient hydraulic retention time, the ozone and
•OH formed should be successful at eliminating most micropollutants, according to
kinetic modeling [1], [6]. However, there is a concern of DBP formation from ozonation
if certain compounds, such as bromide, are present in the water system. Previous studies
show increased DBP production with increased ozone concentration. To avoid forming
additional harmful compounds in the treatment process, a balance must be found between
oxidation of contaminants, control and balance of •OH and ozone concentrations, and
limitation of DBP formation [18].
Although many ECs can be eliminated by ozone oxidation alone, there is a class of ECs
that are considered ozone recalcitrant because they do not react significantly with ozone.
In previous studies, correlation has been seen between •OH generation and degradation of
ozone recalcitrant compounds [6], [11], [18]. The electrophilic •OH, with reaction rates
of 108 to 1010 M-1s-1, are capable of complete mineralization of electron-rich organic
compounds into CO2, water, and mineral acids [10], [11]. Because they are so reactive,
steady-state •OH concentration is difficult to achieve during ozonation, much less
9

measure. The •OH concentration at steady-state during ozone decomposition was found
to be approximately 10-12 M [18]. To target ECs that have shown resistance to ozone
oxidation, advanced oxidation processes (AOPs) have been developed to increase the
production of •OH [1], [6].
2.3 Advanced Oxidation Processes
AOPs have an advantage over direct oxidation because of their ability to increase the
generation of highly reactive •OH. Previous studies have determined that the degradation
achieved by AOPs surpasses that of any individual oxidizing agent (i.e. ozone, UV,
H2O2) alone [10]. Currently, AOPs are most often implemented in water reclamation
systems specifically with low COD influent because of the cost of the required agents
[10]. Complex water systems involve more competition, thus higher doses of the
oxidizing agents would be needed to effectively degrade the target contaminants.
Ozone/H2O2 is the most commonly used AOP because of its simplicity of implementation
in large scale operations [11]. Other commercially available AOPs include UV/H2O2 and
UV/Ozone [10].
2.3.1 Ozone and Activated Carbon
A number of studies by von Gunten et al have been conduction over the past twenty years
to explore the use of granular activated carbon (GAC) to enhance •OH formation from
ozone reactions [11], [18], [19]. The GAC/ozone studies showed correlations between
•OH formation and ozone concentration, GAC concentration dosed, and the chemical and
physical properties of the GAC [11].
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The process of generating activated carbon gives the carbon material oxygen-containing
sites on its surface that contain lone pairs of electrons that easily react with ozone, an
electrophilic molecule [20]. The GAC studies proved that activated carbon was an
effective catalyst for •OH production, but the reaction kinetics were much slower than
those of other common AOPs, like ozone and H2O2. This decrease was most likely
because the catalytic reaction occurred by ozone diffusion on the surface of the GAC
material. Since the pores of GAC are largely internal (>90%), the surface sites were not
very accessible for the ozone reaction [10]. Another issue that emerged in the GAC
studies was a loss of material surface area and mesopores. The losses were observed over
repeated ozone exposure, implying the material did not have the structural strength to
withstand the oxidizing environment created during ozonation [20].
2.4 Carbon Nanotubes
Carbon nanotubes (CNTs) were studied as an alternative to GAC by Oulton [6]. CNTs
are a nanostructured carbon material, created by rolling thin sheets of graphitic carbon
layers into concentric, cylindrical tubes. CNTs can be single-walled (one sheet of
graphene) or multi-walled (multiple layers of graphene sheets) [21]. The chemical and
physical properties of CNTs are similar to AC, as they are made of the same material but
on a nanoscale. CNTs have a much higher specific surface area and are more stable
because of their compact structure. Therefore, CNTs have proven greater durability in
extreme oxidative environments. These properties suggested MWCNTs may be effective
at •OH production when subject to ozonation, and several studies have been conducted to
verify this supposition [1], [6], [12], [22].
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The methodology used in the GAC studies was repeated in succeeding studies using
MWCNTs instead of GAC to determine if the increase in surface area would increase the
reaction kinetics [6]. The study conducted by Oulton [6] experimented with varied
methods of functionalizing different brands of MWCNTs to determine the optimal
surface treatment for •OH production. MWCNTs functionalized with 70% nitric acid
achieved the highest level of reactivity with the •OH probe compound, p-CBA [6].
2.5 AOP Efficacy Determination
To study AOP efficacy, comparisons must be drawn between both the contaminant
removal efficiencies of other AOPs and between reaction rate constants determined
through experimentation against literature values for the target contaminants.
2.5.1 Comparison to Other AOP Methods
The Rct concept, developed by Elovitz and von Gunten (1999), is commonly used to
compare efficacy of various ozone-based AOPs. The Rct value reflects the ratio of •OH
production relative to ozone exposure in a system (Equation 2-1) [11], [19]. Calculating
Rct involves measuring concentrations of the •OH probe, p-CBA, and ozone
concentration over time to determine the ratio of total exposure by each oxidizing agent
[19]. The compound p-CBA is used for these measurements since it is highly reactive
with •OH (K•OH,p-CBA = 5 x 109 M-1s-1) and minimally reactive with ozone (KO3,p-CBA =
0.15 M-1s-1) [19]. Using the Rct concept to determine ratios for different •OH generation
methods (i.e. AOPs) allows for comparisons to be made regardless of experimental
conditions. A study performed by Oulton [6] used Rct values to compare the results of the
ozone/MWCNT AOP with values from previous studies on ozone/H2O2 and ozone/GAC
12

systems. This study concluded that the efficacy of •OH production by an ozone/MWCNT
AOP is comparable to that of the ozone/H2O2 AOP. However, it also pointed out a flaw
in the Rct method’s consistency. The rate at which ozone degrades is not a direct indicator
of •OH generation since ozone will degrade whether or not there is H2O2, GAC, CNTs,
etc. present to increase •OH formation. Therefore, the Rct value (Equation 2-1) could be
artificially high due to rapid ozone decomposition rather than high •OH production [6].

𝑅𝑐𝑡 =

[• OH]
[𝑂3 ]𝑡𝑜𝑡𝑎𝑙

Equation 2-1

All previous ozone AOP systems studied and compared using this method used an initial
aliquot of ozone for their experiments, therefore the ozone degraded at a similar rate as
the p-CBA which created a linear relationship [6]. It is thus far unknown how Rct values
for an AOP with continuous ozone injection would compare to previous results.
2.5.2 Reaction Rate Constants
Understanding the reaction kinetics of an experiment is helpful in determining a
contaminant’s response to oxidative and advanced treatment. The reaction rate constants
for both ozone (KO3) and •OH (K•OH) of ATZ have been determined in several studies. In
a study by Wert et al (2009) the experimental KO3 and K•OH were 6 M-1s-1 and 3 x 109 M1 -1

s , respectively, after ATZ was exposed to an ozone AOP [1]. A study by Cochran

(2018) found similar results for ozone degradation, with a KO3 of 8.3 M-1s-1. The same
study was unable to measure •OH concentrations directly because of a lack of proper
analytical equipment but determined K•OH as a second order constant of ozone
degradation (K’) [1].
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2.6 Practical Application
Research in this field has begun to investigate practical application of ozone/MWCNT
AOPs in an actual water treatment facility since suspending MWCNTs in a batch reactor
would be infeasible. Studies by Oulton [6] and Penrose [12] evaluated methods of
embedding MWCNTs onto a membrane to allow advanced oxidation to occur in a
continuous flow-through system. The best results for retention time, removal efficiency,
and simplicity were obtained from a method referred to as the “Iowa Method” where
suspended MWCNTs were embedded onto a filter membrane via vacuum filtration and
left to dry before experiments were run [12]. Further experimentation with embedded
membranes in this study will determine how results from the flow-through system
compares with suspended MWCNT results in a semi-batch system. In application of this
technology, a system resembling the diagram in Figure 2-3 would be designed.

14

Figure 3. Schematic of Flow-Through System. Schematic created by Jason Haas.
Adopted from Oulton [6].
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Chapter 3
METHODS AND MATERIALS
The experimental process performed for each phase of this study is discussed in detail in
this chapter. Each phase of experimentation was developed to provide comparison data to
previous studies. Phases 1 and 2 used a continuous ozonation semi-batch method
developed to compare to results from batch systems [1]. Phase 3 followed methods from
a previous study on MWCNT membrane synthesis and tested the efficacy of the
membrane technology on the removal of atrazine, to compare to Phase 2 results [12].
3.1 Materials
Lab grade tert-Butanol, p-CBA, Potassium Phosphate Monobasic, and Sodium Sulfite
Anhydrous used during experimental runs were sourced from Fischer Scientific. HPLC
grade Methanol, 99.9% and Acetonitrile also from Fischer Scientific were used for
analysis. A 99.3% pure Atrazine from Chem Services was used for Phase 2 and 3
experiments. The carbon nanotubes used throughout were from NanoLabs. Praxair
provided the pure oxygen used for ozonation.
3.2 Preparation of MWCNTs
A previously prepared solution of 1 g/L MWCNTs in DI water was used for all
experiments. The MWCNTs had been functionalized with concentrated nitric acid,
following a method used in a previous study [6], prior to use. Before each day of
experimentation, the MWCNTs were resuspended by at least 30 minutes of sonication in
a Branson 2800 Sonicator.
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3.3 Preparation of Sodium Sulfite Solution
A 50 mg/L solution of sodium sulfite was prepared in 25 mL of DI water at the beginning
of each experimental day. The sodium sulfite was used to quench the oxidation reaction
after each sample had been drawn so that an accurate measurement of degradation over
time could be analyzed [11], [18].
3.4 Preparation of Phosphate Buffer Solution
The 5 mM phosphate buffer solution used for all experiments was made of 680 mg of
potassium phosphate monobasic mixed with 1 L of DI water. The solution was pH
adjusted to 7 using phosphoric acid or sodium hydroxide and was then ozonated for 20
minutes to destroy any organics materials that may be present. After being ozonated, the
bottle was left open for a few hours to allow the dissolved ozone to volatilize/degrade to
ensure no dissolved ozone was present in the solution before experiments were run [6].
3.5 Ozonation
A ClearWater Tech, LLC. Ozone Generator (CD1500P) was used for the duration of this
study. Ozone was bubbled into the phosphate buffer solution for approximately 15 to 20
minutes to achieve a steady dissolved ozone concentration before the experiment was
initiated. During ozonation, the phosphate buffer was chilled using an ice bath since to
optimize ozone solubility [6]. Dissolved ozone concentration was measured using a
Thermo Scientific Genesys 10S UV-Vis Spectrophotometer. The constant concentration
of ozone, calculated using Beer’s Law (ε258nm=2900 M-1cm-1), was within the range of
190 μM to 330 μM for all experiments.

17

3.6 Phase 1: p-CBA Degradation Under Continuous Ozonation
Phase 1 followed a similar method to previous studies [6] using p-CBA as an indicator of
•OH production to determine the efficacy of the continuous ozonation method.
Ozone was continuously bubbled into an Erlenmeyer flask containing 187 mL of 5 mM
phosphate buffer for the duration of each run. A mixture of 13 mL of 5 mM tert-butanol
and 80 μL of 5mM p-CBA was made in a separate beaker and added to the ozonated
phosphate buffer once a steady ozone concentration was achieved. The initial
concentrations of tert-butanol and p-CBA in the phosphate buffer solution were 320 μM
and 2 μM, respectively. Tert-butanol was used to act as a competitor to p-CBA,
representing the organic compounds that would be present in real water systems.
Sonicated MWCNT solution was added simultaneously with the p-CBA and tert-butanol.
Tests were run using two different volumes of MWCNTs to determine if a higher
concentration would yield better results. The concentration of MWCNT in the phosphate
buffer solution was 5 mg/L or 10 mg/L with a volume of 1 mL or 2 mL of 1 g/L
MWCNT solution, respectively.
Once the ozone concentration was steady and the p-CBA, tert-butanol, and MWCNTs
were added to the phosphate buffer solution, a timer was started. 1 mL samples were
drawn out of the solution at intervals of 10, 15, 30, 60, 90, and 120 seconds. Samples
were transferred to vials that each contained 25 μL of the sodium sulfite solution. After
the 120 second experimentation period was complete, the samples were filtered through a
2 μm nylon filter to remove the MWCNT particles and were transferred to amber HPLC
vials for analysis.
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3.7 Phase 2: Atrazine Removal by Continuous Ozonation
Phase 2 followed a similar method as Phase 1, but the contaminant atrazine was analyzed
in place of the indicator p-CBA.
An atrazine concentration of 10 mg/L was used for the Phase 2 experiments [1]. Since
atrazine has a low solubility in water, the atrazine for these experiments was dissolved in
methanol at a concentration of 1 g/L. Methanol (KO3,MeOH = 0.072 M-1s-1 at 25 ᵒC) was
used in other studies as a solvent for other known ozone recalcitrant compounds, geosmin
and MIB [23]. A beaker was prepared with 13 mL of tert-butanol and 1 mL of the
atrazine in methanol solution to achieve an initial concentration of 320 μM and 10 mg/L
of the two compounds, respectively. Experiments were again performed using either 5
mg/L or 10 mg/L of MWCNT solution. Ozone was bubbled into a chilled Erlenmeyer
flask containing 186 mL of phosphate buffer. The change in the volume of phosphate
buffer between the Phase 1 and Phase 2 experiment accounts for the difference in volume
of atrazine solution versus p-CBA solution.
The experiments were run using the same method as Phase 1 as explained in 3.3. Samples
were collected and handled at the same time intervals.
3.8 Phase 3: Atrazine Removal via Flow-Through Membrane
Atrazine removal was analyzed in Phase 3 to compare the efficacy of the flow-through
membranes versus the suspended MWCNT solution (Phase 2). For Phase 3, MWCNT
embedded filter membranes were prepared to create a flow-through reactor system. The
membranes were created following a method described in a study by Penrose [12].
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A vacuum filter apparatus was used to embed 0.22 um nylon membrane filters with 0.2
mg/cm3 of MWCNTs (Figure 3-1). The membranes were rinsed with 15 mL of deionized
water (DI) suctioned through the membrane using a vacuum pump. 3.47 mL of 1 g/L
MWCNT solution was then pipetted into the funnel of the apparatus and mixed with 15
mL of DI. After the vacuum pump pulled all the water through, the membranes with a
layer of MWCNTs were left to dry for 24 hours.

Figure 4. Flow-Through Membrane Experimentation Set Up, Including Ice Bath,
Vacuum Filtration System, and Ozone Generator.
A MWCNT membrane was placed in the filter apparatus and rinsed with 25 mL of DI
water before and after every run. A dose of 2.5 mL of sodium sulfite was placed in the
collection flask on the apparatus to quench the 100 mL ozonated solution that went
through. As in Phase 1 and 2, phosphate buffer in a chilled Erlenmeyer flask was
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ozonated until the ozone concentration was steady. The phosphate buffer and ozone
source were then transferred to the filter apparatus above the membrane. After
approximately 5 minutes, the ozone concentration was measured again to verify the
ozone concentration. The beaker containing 0.5 mL of atrazine and 13 mL of tert-butanol
solution was poured into the funnel of the filtration assembly, an initial sample was taken,
and then the vacuum pump was turned on. The time it took for all of the liquid to filter
through the membrane was recorded. After each run was complete, a final sample was
drawn from the Erlenmeyer flask. All samples were filtered through 2 μm filters to
remove any MWCNTs that may have been resuspended, then transferred to HPLC vials
for analysis.
Ten consecutive tests were run on each of three identical membranes. Triplicate
membranes were used to compare results and determine the repeatability of the method.
The repetition on each membrane was done to determine if the MWCNTs would degrade
over time or develop preferential flow pathways that would reduce retention time.
3.9 Analysis Equipment and Methods
Sample concentrations of both p-CBA and atrazine samples were measured using a
Thermo Scientific UltiMate 3000 Ultra High Performance Liquid Chromatography
(HPLC) system with an Acclaim 120 C18 column (4.6x100 mm, 5 um internal diameter).
Analytical methods followed by Oulton (2013) were adopted for available HPLC
equipment.
For p-CBA samples, an eluent solution of 60% methanol and 40% DI water was
prepared, and pH adjusted to 2.7. An injection volume of 2 μL was taken from the
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autosampler vials and was run through the HPLC at a flow rate of 1 mL/min for 10
minutes. The absorbance was measured at a wavelength of 234 nm.
For atrazine samples, an eluent solution of 60% acetonitrile and 40% DI water was
prepared. An injection volume of 1 μL was taken from the vials and was run through the
HPLC at a flow rate of 1 mL/min for 7 minutes. The absorbance was measured at a
wavelength of 226 nm.
3.10 Quality Assurance and Quality Control
QA/QC is crucial to the discovery of experimental discrepancies, if any, and to determine
the accuracy and precision of the data. QA/QC measures were taken during the
experimental process to ensure reliable results with the methods used.
A calibration curve was created for each constituent using its respective method on the
HPLC to determine that the method was functioning as expected and provide information
on the detection limits and sensitivity of the HPLC (Appendix A). Dilutions were made
of the p-CBA and atrazine solutions to four different known concentrations ranging from
0.1 μM to 10 μM. Once the dilutions were analyzed on the HPLC, calibration curves
were created to relate HPLC results to actual concentrations.
During Phase 1 and Phase 2 experiments, different combinations of the ozone and
MWCNT variables were used as controls to ensure that the degradation of constituent
samples was not occurring by any means other than the AOP. Control experiments were
performed by bubbling pure oxygen gas (rather than ozone) into the phosphate buffer
solution, and by running MWCNT-free experiments with only pure oxygen or with ozone
oxidation on the samples. Control experiments were also performed without bubbling any
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oxidant into the solution to determine if sorption occurred between the sample and the
MWCNTs. Every experimental day a control was performed by mixing only tert-butanol
and p-CBA (Phase 1) or atrazine (Phase 2) in phosphate buffer. The control acted as a
zero point for that data set since mixing did not occur instantaneously enough to take an
accurate initial measurement in the other experiments.
Since a new method of atrazine preparation was done in Phase 2, experiments were run to
determine if using methanol would have any effect on the results, as suggested in
previous studies that used the solvent [23]. Experiments were run on p-CBA samples that
were mixed with 1 mL of methanol, which was the sample volume used for the atrazine
experiments, to compare with previous results and detect any differences (Appendix B).
A calibration curve of atrazine in water was also done to compare with the calibration
curve of atrazine in methanol. The effect of adding methanol into the system was
accounted for in the final calculations.
For Phase 3, control experiments were performed by running non-ozonated sample
through both a blank membrane and a membrane embedded with MWCNTs to ensure
sorption was not occurring.
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Chapter 4
RESULTS AND DISCUSSION
The primary goals of Phase 1 and 2 of this study were to compare the efficacy of a
continuous ozonation semi-batch system AOP (heretofore referred to as the “semi-batch”
system) to previous batch studies using an initial aliquot of ozone (“batch” system). The
metrics that were the focus of these comparisons were Rct values and reaction rate
constants. Phase 3 focused on comparing the results of the semi-batch system in Phase 2
to a continuous ozonation flow-through system to determine the potential of the
ozone/MWCNT AOP technology in a practical application. The results of the three
phases of this study as they relate to the research goals are presented in this chapter.
4.1 Phase 1: p-CBA Degradation Under Continuous Ozonation
The semi-batch method was first performed using p-CBA, a commonly used •OH probe
[6], to gain insight on how providing excess ozone to the system affects •OH production.
The average p-CBA concentrations and standard deviations of each control experiment
along with results of the AOP experiments with 5 mg/L and 10 mg/L suspended
MWCNTs are presented in Figure 4-1.
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Figure 5. p-CBA Concentration as a Function of Time for All Experiments. Data
were averaged for duplicate or triplicates of each experiment and the standard deviations
are displayed as error bars. Average ozone concentration was maintained at
approximately 200 ± 20 μM for all experiments. Initial experimental conditions: pH 7 (5
mM phosphate buffer), 320 μM tert-butanol, 2 μM p-CBA.
The two blue lines represent p-CBA degradation over time via the ozone/MWCNT AOP
with either 5 mg/L or 10 mg/L of MWCNTs. The dashed lines represent controls: ozone
only (black line), oxygen only (gray line), and CNTs only (green lines). As expected,
control experiments with oxygen alone, MWCNTs alone, and oxygen combined with
suspended MWCNTs caused minimal to no p-CBA degradation. Less than 10% p-CBA
removal occurred over the two-minute time period. These results are consistent with
those of previous batch studies [6].
The ozone alone experiments consistently had a sharp increase in degradation of p-CBA
around 30 seconds caused by undetermined factors. Overall, a 20% decrease in p-CBA
concentration was observed after two minutes in these experiments. This result did not
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agree with the ozone only control results from previous studies that used an initial aliquot
of ozone and showed minimal p-CBA degradation [6]. Since p-CBA is relatively ozone
recalcitrant, with a KO3 of 0.15 M-1s-1 [19], it was expected in the ozone aliquot systems
that no degradation was observed. However, in a continuous ozonation system some pCBA degradation may be expected due to continued presence of •OH in the system, since
is a natural breakdown product of ozone [20]. As the ozone is continuously generated, it
is continuously degrading and forming •OH. The p-CBA degradation observed in the
ozone only experiments was most likely caused by the •OH produced as a by-product of
ozone degradation. The results showing p-CBA degradation by ozone alone are
negligible compared with the AOP experiments.
The continuous ozonation AOP was more effective in achieving p-CBA degradation than
any of the control experiments with approximately 40-50% removal after a two-minute
period. Varying the concentration of suspended MWCNTs in the solution did not make a
significant difference in p-CBA degradation, as the standard deviation of the two
experiments overlap at each data point.
Additional experiments were done with a MWCNT concentration of 10 mg/L, and a
higher constant ozone concentration (Figure 4-2).
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Figure 6. p-CBA Degradation as a Function of Time with 10 mg/L MWCNT and
Varying Ozone Concentrations. Data were averaged for duplicate or triplicates of each
experiment and the standard deviations are displayed as error bars. The 10 mg/L
MWCNT only control was included as a reference. Constant ozone concentrations were
approximately 200 ± 20 μM and 330 ± 20 μM. Initial experimental conditions: pH 7 (5
mM phosphate buffer), 320 μM tert-butanol, 2 μM p-CBA.
The p-CBA degradation achieved by the higher ozone concentration of 330 μM was
closer to 60%. These results match the trends found in previous work with the ozone
aliquot experiments [6]. The previous results suggested that ozone concentration may be
the limiting factor in •OH formation since ozone degraded at a similar rate to p-CBA and
greater p-CBA degradation occurred with greater initial concentrations of ozone (Figure
4-3).
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Figure 7. Normalized Concentration Profiles for Ozone (O3) and p-CBA as a
Function of Time Under a Range of Initial Ozone Concentrations [6]. The plots of
interest are in red, showing results from 20 mg/L of functionalized MWCNTs with initial
ozone concentrations of 80 μM and 160 μM. Initial experimental conditions: pH 7 (5 mM
phosphate buffer), 320 μM tert-butanol, 2 μM p-CBA.
However, in a continuous ozone system, the ozone concentration remains relatively
constant and should not limit the extent of the reaction. Instead, the results of this study
suggest that higher ozone yields greater •OH, but since the degradation leveled off before
the two-minute mark as it did in previous experiments, these results suggest that there is a
confounding variable besides ozone or MWCNT concentration limiting the reaction.
Figure 4-4 depicts the results of experiments using an aliquot of ozonated phosphate
buffer to achieve initial ozone concentrations of 80 and 160 μM in the [6]. These graphs
show four experiments with varying suspended MWCNT concentrations. Figure 4-5 is a
simplified version of Figure 4-1 that shows the experiments from this study with varying
MWCNT concentrations at a constant ozone concentration of approximately 200 to 330
μM.
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Figure 8. Normalized p-CBA Concentration as a Function of Time in Suspensions of
NL-70 MWCNTs [6]. Since NL-70 MWCNTs achieved the most optimal results in the
comparison study, the same method was used to functionalize all the MWCNTs used in
this study. Since an initial aliquot of ozone was used for these experiments, the ozone
concentrations presented on these plots were a predicted average over the course of each
two-minute experiment. The standard deviation was calculated from at least triplicate
runs of each experiment. Initial experimental conditions: pH 7 (5mM phosphate buffer),
320 μM tert-butanol, 2 μM p-CBA.
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Figure 9. p-CBA Concentration as a Function of Time in Suspensions of MWCNTs
at 0 mg/L, 5 mg/L, and 10 mg/L. The ozone concentrations measured varied from 200
μM to 330 μM. Data were averaged for duplicate or triplicates of each experiment and
the standard deviations are displayed as error bars. Initial experimental conditions: pH 7
(5mM phosphate buffer), 320 μM tert-butanol, 2 μM p-CBA.
Comparing the plots from the two studies, the p-CBA concentration follows a similar
degradation trend for each AOP experiment. The 5 mg/L MWCNT experiments showed
greater degradation in the continuous ozonation study, with 40% removal versus less than
30% removal in the ozone aliquot studies. In the 10 mg/L MWCNT experiments, the
continuous ozonation system with an ozone concentration of 330 μM yielded similar
results to the batch reactor system with an ozone concentration of 160 μM, both
approaching 60% removal. Similar results were observed with the 220 μM semi-batch
system and 80 μM batch system. The 80 μM batch system achieved approximately 40%
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removal whereas the 220 μM semi-batch system achieved close to 50%. Overall, it was
observed in every case that greater degradation was observed in the presence of a higher
ozone concentration. However, in the previous studies, a similar correlation was seen
between greater MWCNT concentration and greater degradation. In this study, increasing
the MWCNT concentration did not seem to have a significant effect on the degradation of
p-CBA. This finding was explored further in the Rct analysis of the p-CBA experiments
(Section 4.1.1).
4.1.1 Rct Analysis
In an ozone/MWCNT AOP, there are two simultaneous reactions that contribute to the
reaction kinetics. As ozone is injected into the system, it reacts with both contaminants
and with the MWCNTs to produce •OH that then react with the contaminant. The
degradation of a contaminant through this process can be modeled by Equation 4-1.
𝑑𝐶
= 𝐾𝑂3 [𝐶][𝑂3 ] + 𝐾•OH [𝐶][• OH]
𝑑𝑡

Equation 4-1

Where C represents the concentration of the compound, KO3 is the second order reaction
rate constant with ozone, and K•OH is the second order reaction rate constant with •OH.
Integrating Equation 4-1 yields Equation 4-2.
𝑡
𝑡
𝐶
[𝑂
]
ln ( ) = 𝐾𝑂3 ∫ 3 𝑑𝑡 + 𝐾•OH ∫ [• OH] 𝑑𝑡
𝐶0
0
0

Equation 4-2

The Rct concept, as introduced previously, is a method of comparing AOPs based on the
ratio of •OH generated to ozone available in the reaction since •OH concentration cannot
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be measured directly. With the Rct ratio substituted into Equation 4-2, Equation 4-3 is
formed to define the pseudo first order rate constant for the overall reaction [24].
𝑡
𝐶
ln ( ) = −(𝐾𝑂3 + 𝐾•OH 𝑅𝑐𝑡 ) ∫ [𝑂3 ] 𝑑𝑡
𝐶0
0

Equation 4-3

Where (𝐾𝑂3 + 𝐾•OH 𝑅𝑐𝑡 ) is the pseudo first order rate constant, defined heretofore as
Koverall. Note that KO3, K•OH, and Rct are all constant values.
In a batch reactor system, the ozone degrades and is consumed by reactions with the
MWCNTs and contaminants over time. In previous batch studies, the Rct could be
determined using Equation 4-4, which required measuring both the degradation rate of
ozone and of the •OH probe compound p-CBA [19].

𝑅𝑐𝑡 =

1
∫[• OH ]𝑑𝑡 ln([𝑝 − 𝐶𝐵𝐴]𝑡 /[𝑝 − 𝐶𝐵𝐴]0 )
=
×
−𝐾•OH ,p−CBA
∫[𝑂3 ]𝑑𝑡
∫[𝑂3 ]𝑑𝑡

Equation 4-4

Where K•OH,p-CBA, the second order reaction rate constant of p-CBA with •OH, is 5 x 109
M-1s-1 and all other variables have been previously defined.
In a continuous ozonation system where the ozone concentration remains constant over
time, the Rct calculation is simplified to Equation 4-5.
𝑅𝑐𝑡 =

ln([𝑝 − 𝐶𝐵𝐴]𝑡 /[𝑝 − 𝐶𝐵𝐴]0 )
−𝑘•OH ,p−CBA × [𝑂3 ] × 𝑡

Equation 4-5

Experimental values for p-CBA degradation over time and constant ozone concentration
were graphed to determine the Rct values for the three AOP experiments performed in
Phase 1 (Figure 4-6).
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Figure 10. Determination of Rct Values for the Ozone/MWCNT AOP Reactions with
p-CBA. The ozone concentrations measured varied from 200 μM to 330 μM.
Coefficients of determination (R2) for all experiments ranged from 0.85 to 0.90.
The slope of the trend lines in Figure 4-6 represent the Rct value for each experiment
multiplied by K•OH,p-CBA. By dividing out the rate constant, the Rct value for each
experiment was determined (Table 4-1). Using the calculated Rct values and the second
order rate constants of p-CBA with ozone and •OH, an overall second order rate constant
for each experiment can be determined by solving for the constant introduced in Equation
4-3 (Koverall) (Table 4-1).
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Table 1. Rct and Koverall Values for p-CBA Experiments

Results
Calculated from
Phase 1
Experiments

Experiment

Rct x 109

Koverall (M-1s-1)

5 mg/L CNTs + 200 μM O3

4.03

20.29

10 mg/L CNTs + 200 μM O3

4.15

20.89

10 mg/L CNTs + 330 μM O3

3.87

19.48

Results
5 mg/L CNTs + 160 μM O3
2.56
12.95
Calculated from
Oulton Study
10 mg/L CNTs + 160 μM O3
14.1
70.58
Data [6]
*Rct and Koverall values were determined for the five ozone/MWCNT AOP experiments
performed with varying MWCNT and ozone concentrations (three experiments from
this study and two from the Oulton study [6])

The Koverall value describes the overall kinetics of the system under catalytic ozonation
[24]. Since there are multiple second order reactions occurring at once, the Koverall value
is a more comprehendible metric of the total degradation of the compound.
The Rct values and Koverall values for all three experiments in this study were almost
identical, which suggests that regardless of the variability in ozone or MWCNT
concentration, the •OH production relative to ozone exposure in a system is relatively
unchanged. This finding disagrees with what was suggested by the results of the Oulton
study [6] in the batch aliquot experiments.
However, the results of the Oulton study may be misleading. Looking at Figures 4-4 and
4-5, the graphical results for 10 mg/L MWCNTs of the two studies showed similar
degradation of p-CBA. In the Oulton study, ozone was degraded at the same rate as pCBA (Figure 4-3). The Rct concept is a ratio of •OH to ozone in the system (Equation 44). When the ozone is consumed quickly, the smaller denominator yields a higher value
for the overall ratio. In the aliquot experiments, the high rate at which the ozone degraded
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made the Rct results inconsistent across differing systems, suggesting that higher CNT
loading would result in significantly greater •OH production. The results of this study
suggest instead that the •OH production mechanism is actually consistent across ozone
levels and CNT loadings.
4.2 Phase 2: Atrazine Removal Under Continuous Ozonation
Atrazine (ATZ), a ubiquitous wastewater and groundwater contaminant, was analyzed to
determine the efficacy of and the reaction rate constants (K•OH and KO3) for the
ozone/MWCNT AOP. The results were compared to batch aliquot system experiments
performed by Cochran [1]. Control experiments were performed to determine if direct
oxidation (ozone only), sorption (CNTs only), or other experimental factors (oxygen
only) had any effect on ATZ removal (Figure 4-5). AOP experiments were performed
with 5 mg/L and 10 mg/L MWCNT concentrations and constant ozone concentrations of
approximately 250 μM (Figure 4-5).
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Figure 11. Atrazine Concentration as a Function of Time for All Experiments. Data
were averaged for duplicate or triplicates of each experiment and the standard deviations
are displayed as error bars. Constant ozone concentrations were approximately 250 ± 20
μM. Initial experimental conditions: pH 7 (5mM phosphate buffer), 320 μM tert-butanol,
10 mg/L ATZ.
The controls experiments showed there was negligible ATZ sorption to MWCNTs and
negligible effects of direct oxidation. Similar to the p-CBA experiments in Phase 1, a
sharp increase in degradation was observed in the beginning of each run of the ozone
only experiments. The AOP experiments with 5 mg/L MWCNTs showed a 15% removal
of ATZ after two minutes. The 10 mg/L MWCNT achieved a removal of 25%. In both
AOP experiments, ATZ degradation occurred within the first 30 seconds and then began
to level for the rest of the two-minute period. These results are reasonably consistent with
the previous batch studies [1].
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The previous study used as a comparison for ATZ experiments used the same method as
the p-CBA comparison study of providing an initial aliquot of ozone to the system rather
than continuous injection [1]. Figure 4-6 is adapted from the results of the ozone aliquot
study for an experiment that used similar MWCNT and ozone concentrations to the
experiments in this study.
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Figure 12. Atrazine Concentration as a Function of Time. Adapted from Cochran [1].
Data represent averages and standard deviation from duplicate experiments. The CNTs
only control was included as a reference. The initial ozone concentration was
approximately 220 μM. Initial experimental conditions: pH 7 (5mM phosphate buffer),
320 μM tert-butanol, 10 mg/L ATZ.
The batch aliquot results for the ozone/MWCNT AOP achieved 40% removal of atrazine
with an average ozone concentration of 220 μM and 10 mg/L MWCNTs. Compared with
the semi-batch system with a constant ozone concentration of 250 μM and 10 mg/L
MWCNT, the removal achieved by the batch reactor was nearly double. These results
agree with the trends observed in Phase 1 with p-CBA degradation achieved by the ozone
aliquot versus the continuous ozone system. However, there was also the additional factor
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of using methanol as a solvent in this study, which may have had a competitive effect on
the system (Appendix B). Previous batch experiments used ATZ dissolved in DI rather
than methanol. Additional experimentation would be required to determine the difference
in ATZ degradation efficiency with and without the addition of methanol to the system.
In both the batch and continuous systems, ATZ degraded quickly and then leveled off. In
the batch reactor studies for both p-CBA [6] and ATZ [1] it was assumed that ozone was
the limiting factor and once the initial aliquot of ozone was consumed, the reaction
ceased. Since the same results were observed when ozone concentration remained
constant, we must conclude that ozone concentration is not a limiting factor in the extent
of the AOP reaction. Rather, the results of this study suggest that there is some
confounding variable interfering with the reaction between ATZ and the •OH.
4.2.1 Reaction Rates
As discussed in Phase 1, the degradation of a contaminant is achieved by both direct
oxidation through exposure to ozone and indirect oxidation by exposure to •OH. Like pCBA, ATZ has been found to be highly reactive with •OH (K•OH,ATZ = 3 x 109 M-1s-1) and
minimally reactive with ozone (KO3,ATZ = 6.0 M-1s-1) [24]. Since the reaction mechanisms
are like those of p-CBA in an AOP system and no ATZ degradation due to direct
oxidation was observed in this study, Equations 4-1 through 4-5 (Section 4.1.1) can be
used to analyze and determine pseudo first order rate constants for ATZ as well.
Using a similar method of determining the Koverall via the Rct concept as described by
Guzman [24], the results from this study are in agreement with those from the ozone
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aliquot study by Cochran [1]. The Cochran study used a different method of calculating
rate constants, but using the raw data, the results presented in Table 4-2 were determined.
Table 2. Rct and Koverall Values for ATZ Experiments

Results Calculated
from Phase 2
Experiments

Experiment

Rct x 109

Koverall (M-1s-1)

5 mg/L CNTs + 250 μM O3

2.57

7.71

10 mg/L CNTs + 250 μM O3

5.90

17.69

Results Calculated
from Cochran
10 mg/L CNTs + 220 μM O3
4.89
20.66
Study Data [1]
*Rct and Koverall values were determined for three ozone/MWCNT AOP experiments
performed with varying MWCNT and ozone concentrations (two experiments from this
study and one from the Cochran study [1])
Since no ATZ degradation due to direct oxidation was observed in this study, the KO3
variable was eliminated from the Koverall calculations for the Phase 2 experiments. The
results of Phase 2 do not agree with those of Phase 1 in terms of the semi-batch system
producing a similar Rct and Koverall value regardless of MWCNT loading. The correlation
suggesting that the batch system produced a falsely high Rct and Koverall was also not
strong enough to lead to any conclusions. Since a high rate of ATZ degradation occurred
in the Cochran study, it would be expected that the Rct analysis would resemble the
results found from the Oulton study results. However, the agreement between the
Cochran study and the 10 mg/L CNT experiment in this study is interesting because it
suggests that the same amount of •OH was present in both systems. Looking at Figures 47 and 4-8, this would not be expected. If the same amount of •OH was available for each
reaction, the ATZ degradation should have been the same. This implies that the addition
of methanol may have had a prominent effect on ATZ degradation in this study since it
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was the only differing variable between the two studies besides the constant injection of
ozone.
The Rct concept was developed based on p-CBA degradation because of the second order
reaction rates between p-CBA and •OH, and p-CBA and ozone. Since the second order
reaction rates between ATZ and •OH and ATZ and ozone are similar to those of p-CBA,
the Rct method should be applicable in the same way to this compound. The disagreement
in these results suggests that there is some unknown variable effecting the reaction
kinetics between ATZ and the AOP. Further analysis of the confounding factors
interfering with the reaction kinetics in this system must be done to better understand
these results.
4.2.2 Effect of Competition on ATZ Degradation
As previously mentioned, in every ATZ experiment a quick but limited degradation was
followed by a leveling off of ATZ concentration. Since this study was able to conclude
that this leveling off was due to some factor other than ozone limitation, other potential
factors must be considered. Competition between tert-butanol (TBA) and ATZ may play
a role in the limited ATZ degradation. TBA, which was used as an •OH scavenger in all
experiments [11], has a similar second order reaction rate constant with •OH as ATZ
(K•OH,TBA = 6 x 108 M-1s-1) [24]. This rate constant is lower than that of ATZ, however,
the results suggest there is an interference in the reaction between ATZ and •OH after a
short period. Although a second order reaction rate constant for MeOH with •OH was not
found in literature, the result of the control experiment for the effect of methanol (MeOH)
on p-CBA degradation suggests that MeOH can also scavenge •OH. The reaction
mechanism can be described by Equation 4-6 [11].
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𝑑[• OH]
= 𝐾•OH,TBA [𝑇𝐵𝐴][• OH] + 𝐾•OH,MeOH [𝑀𝑒𝑂𝐻][• OH]
𝑑𝑡
+ 𝐾•OH,ATZ [𝐴𝑇𝑍][• OH]

Equation 4-6

As •OH is consumed by reacting with ATZ, the TBA and MeOH are in excess. Since
ATZ reacts so quickly, it quickly consumes the available •OH. Once the concentration of
TBA and MeOH in the solution are significantly higher than that of ATZ, they become
more prevalent competitor and the degradation of ATZ is decelerated.
The Cochran study did some work on this topic, looking at the competition between
caffeine and ATZ and varying the concentrations of TBA in the system [1]. Those results
agreed that the addition of more competition consumed the available •OH, thus
decreasing the •OH available for ATZ degradation. Further experimentation with varying
levels of competition and types of competitors in a semi-batch system should be
performed to investigate this theory, as discussed in Section 5.1.1 (Future Work).
4.3 Phase 3: Atrazine Removal via Flow-Through Membrane
The focus of Phase 3 was to investigate the potential of the ozone/MWCNT AOP
technology in a more practical design. In a commercial treatment facility, the system
must allow for continuous water flow, so this phase utilized a flow-through MWCNTembedded membrane system. Membranes embedded with MWCNTs were used to
initiate the AOP in continuously ozonated ATZ samples to determine how a flow-through
system would compare to the semi-batch system results.
Table 4-3 shows the average removal percentages obtained from each membrane
experiment, along with the average retention time (i.e. how long it took for the 100 mL
sample to flow through the membrane) for each of 5 membranes, plus a control system
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(flow through a membrane with no embedded CNTs). The ozone concentration for all
experiments was within the range of 230 ± 50 μM to 300 ± 50 μM.
Table 3. Average Retention Time and Removal Efficiency of Each Experiment
Retention Time (min)

% Removal

No CNTs, No Ozone

3.6

8%

CNTs Only (Membrane 1)

10.3

8%

Membrane 2

44.1

64%

Membrane 3

49.2

46%

Membrane 4

10.6

20%

Membrane 5

8.5

26%

As expected, significantly less removal was observed in the control experiments (No
CNTs, No Ozone and CNTs Only) than in the AOP experiments (Membranes 2-5).
Looking at the average values for each membrane, a loose correlation between retention
time and percent removal can be seen. However, looking at each run individually, the
results are more variable (Figure 4-9).
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Figure 13. Removal Efficiency versus Membrane Retention Time for Each
Experiment. The trend line represents the correlation between all four membranes used
for the AOP experiments.
With an R2 of 0.43, the results are not highly conclusive as to whether a higher retention
time on the membrane necessarily leads to a higher removal efficiency. These results also
do not agree with those of the semi-batch system in Phase 2. In Phase 2, ATZ degradation
leveled off in less than one minute and no more than 25% degradation was achieved.
However, these results suggest that up to 80% degradation can be achieved with a
retention time of close to one hour. This suggests that the variable that interfered with the
reaction in Phase 2 becomes less reactive over time and ATZ begins to degrade more
readily. Overall, the lack of consistency in the results of the membrane experiments
indicates a need for further experimentation, which will be discussed further in Section
5.1.4 (Future Work).
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4.3.1 Membrane Longevity
To investigate whether CNTs were in fact more resistant to degradation by the oxidative
environment created by continued ozonation, the longevity of CNTs over extended
periods of ozone exposure was explored in the Oulton study [6]. The p-CBA degradation
observed in a series of four experiments using the same batch of MWCNTs that had been
ozonated for an increasing period from 0 to 24 hours was analyzed (Figure 4-10).

Figure 14. p-CBA Degradation Curves as a Function of Ozone Exposure Time.
Adopted from Oulton [6]. The numbers indicated above each curve are represent the
number of hours of ozonation the MWCNTs were exposed to prior to that experiment.
All data were collected in systems with a CNT concentration of 10 mg/L and an initial
O3 concentration of 160 μM. Initial experimental conditions: pH 7 (5mM phosphate
buffer), 320 μM tert-butanol, 2 μM p-CBA.
The p-CBA degradation achieved by the ozonated MWCNTs continued to increase up to
12 hours of exposure and then the reaction began to become less effective. These results
suggested that there was an optimization occurring as the MWCNTs were exposed to
ozone up to a certain point. More •OH continued to be generated at an increasing rate
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until some point in-between 12 and 24 hours where the MWCNTs became less effective
in initiating •OH generation. Similar results were observed in this study, where the ATZ
removal increased in each membrane system as the ten consecutive runs were executed
(Figure 4-11).
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Figure 15. Atrazine Removal Achieved by Each Flow-Through Membrane System
(Membranes 2, 3, and 4) Over Ten Experimental Runs. Membrane 5 was in the
longevity results since only five experimental runs were performed using that membrane.
Initial experimental conditions: pH 7 (5mM phosphate buffer), 320 μM tert-butanol, 10
mg/L ATZ.
Both Membrane 2 and 3 experienced approximately a 50% increase and Membrane 4
experienced a 30% increase in removal efficiency after a certain period of time exposed
to ozone. The high efficiency was sustained on Membrane 2 over seven runs, whereas a
higher efficiency was only observed in two runs on Membrane 4. Membrane 3 did not
reach a point of optimization until the eighth run and was sustained for the remainder of
experiments.
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As stated previously, there did not seem to be any correlation between the reactions
occurring on the three identically prepared membranes. However, these results do suggest
consistency with the concept of CNT optimization followed by a decrease in efficacy as
the ozonation time increases.
This concept was further concluded in the Oulton study by visually and microscopically
inspecting the suspended MWCNT solution over time of ozone exposure (Figure 4-12)
[6].

Figure 16. Images of MWCNT Suspensions as a Function of Exposure Time to a
Concentrated Ozone Solution. Adopted from Oulton [6].
The MWCNTs after 12 hours of ozone exposure were highly concentrated, forming an
opaque, dark black solution. After 36 hours of exposure, the solution is degrading and has
a more similar consistency to the vial representing 4 hours of exposure. Additionally, the
microscopic image (c) shows the solid structures of the MWCNTs beginning to break
apart.
The degradation observed in Figure 4-12 was explored by further analyzing the three
membranes that endured ten consecutive experimental runs. Results from membranes 2,
3, and 4 were plotted to determine if the retention time of the sample solution on the
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membrane decreased over time (Figure 4-13). This analysis would help determine the
longevity and durability of the membranes against constant exposure to ozone.
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Figure 17. Membrane Retention Time Over Ten Consecutive Sample Runs. The
retention time was measured based on how long it took for 100 mL of phosphate buffer
solution to go through the membrane via vacuum filtration. The run time was not
recorded for the initial runs on each membrane.
Although the retention times were not very consistent, the results imply no major
preferential pathways (such as cracks) were formed since there is no trend toward a
decrease in retention time in either membrane throughout the repeated use. The variance
in retention times could have resulted from a variety of operational errors, such as
skewed placement of the membrane on the filter apparatus.
To provide more certainty on the optimization and longevity of the MWCNT membranes,
more runs should be performed per membrane in future experiments (Section 5.1.4).
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Chapter 5
CONCLUSIONS AND FUTURE WORK
The research questions proposed at the beginning of this thesis were addressed in the
three phases of research that took place to complete this study. Phase 1 and 2 explored
the use of a continuous ozonation semi-batch reactor system to compare results with
previous batch studies that used an initial aliquot of ozone. Phase 1 and 2 were both also
analyzed to compare the reaction kinetics of the semi-batch system with those of the
batch aliquot systems of previous studies using the Rct concept. Phase 3 aimed to further
investigate the potential of the ozone/MWCNT AOP toward being a commercially viable
treatment technology using a flow-through membrane system.
1. How does •OH production via ozonation of MWCNTs with continuous ozone
injection compare to a batch system of the same AOP with an initial aliquot of
ozone?
The results from Phase 1 suggested that continuous ozonation yields similar results to the
batch system in terms of p-CBA degradation, which indicates •OH generation. Phase 2
showed that the continuous ozonation was less effective in the removal of the
contaminant of concern, ATZ, that the batch system. These findings refute the theory that
the limiting variable in the efficacy of the ozone/MWCNT AOP is ozone availability.
Since providing excess ozone to the system either resulted in similar or less degradation,
it is likely that there is another variable or constituent interaction effecting the system that
has yet to be determined.
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2. How does continuous ozonation of MWCNTs effect the reaction kinetics of a
specific contaminant compared to a batch system of the same AOP?
The reaction kinetics observed in this study as they related to the two previous studies
performed by Oulton and Cochran were analyzed by calculating Rct and Koverall values for
each. The results of Phase 1 suggested that the •OH and ozone exposure in the system
were proportional regardless of the variability in ozone or MWCNT concentration. The
differentiation between these results and those from the Oulton study tell us that the Rct
concept is less reliable for batch systems because the denominator is highly influence by
rapid ozone consumption.
No agreements were found between the p-CBA reaction kinetics in Phase 1 and those of
ATZ in Phase 2. Since ATZ degradation did not follow the expected model, it was
assumed that methanol or an unknown variable in the system was affecting the reaction
kinetics between ATZ and •OH. Further analysis on the role of competition in the system
will help to better model the reaction occurring and how the AOP can be optimized to
account for complexity in real water systems.
3. Would a flow-through membrane technology yield similar results to the
continuous ozonation AOP and be a feasible option for application of the AOP
in water treatment systems?
The flow-through membrane results lead to more questions than answers. The four
identically prepared membranes used had similar trends, but not consistent results. An
ATZ degradation efficiency of up to 80% was achieved by the two membranes that had a
retention time closer to an hour. The flow-through system was more effective than the
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semi-batch system from Phase 2, most likely because of the longer retention time and
optimization of the MWCNTs over extended ozone exposure. The three membranes that
were exposed to ozone over 10 consecutive runs showed greater removal over time for a
certain period of time. The amount of time the membrane was exposed to ozone before
optimization occurred and the period that the optimization was sustained varied greatly
between the membranes. Further experimentation to yield consistent results and to better
understand the optimization that has been observed will lead to advancements in this
technology.
5.1 Future Work
As more is discovered about this AOP technology, more questions continue to be
revealed. The continued growth of this field of research can be rooted in a number of
topics, including: the effect of competitors to the reaction kinetics, the formation of
contaminant breakdown products, the exploration of other emerging contaminants that
could be treated using this method, management and control of CNTs as potential ECs
themselves, and further development of reliable methods to design a practical application
in commercial facilities.
5.1.1 Competition
As briefly discussed in the Phase 2 results, the effect of competitors on the system are not
fully understood at this point. Having competitors in the system with similar reaction
rates with •OH as ATZ create complexities in the reaction kinetics and reduce the AOPs
efficacy in degrading the contaminant of concern. The MeOH present in this study may
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contribute another layer of competition to the reaction that is not well understood since
the reaction between MeOH and •OH has not been extensively studied.
TBA is included in the reaction to represent the other miscellaneous organic competitors
that would be present in real life water systems. In real application, the water systems
being treated will be more complex, containing multiple contaminants and a variety of
competitor species. Understanding the effect the artificial competitor has on the efficacy
of treatment is crucial to ensure the system will still be effective at eliminating the
contaminants of concern in more complex real-water systems.
Future research has the opportunity to use varying concentrations of TBA as a competitor
and include additional compounds to make the water system more complex. Similar
experiments should be done with the semi-batch continuous ozonation method to
compare with Cochran’s results, discussed in Section 4.2.2.
Additional experiments should also be done to compare the results between a system with
MeOH present and without. The experiments performed in this study required a small
volume of concentrated ATZ, which was not achievable by dissolving ATZ in water. If
the reaction kinetics between MeOH and •OH are too complex, an alternative solvent
should be used in further experimentation to avoid competition.
Eventually, experiments should be performed using actual tertiary wastewater instead of
lab-created samples. Since the full extent of constituents present in actual wastewater are
unknown, more advanced analytical techniques must be used to properly identify the
target contaminants.
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5.1.2 Understanding Break-Down Mechanisms
As ATZ degrades, a number of daughter products can be formed (Figure 2-2) [17]. Some
of these compounds are also considered emerging contaminants and should be treated as
such. The analytical results of the ATZ experiments in Phase 2 and 3 all detected an
unknown compound with a peak at approximately 0.8 minutes (Figure 5-1).

Figure 18. HPLC Results of an ATZ AOP Experiment Highlighting a Peak of an
Unknown Compound. Analytical results from an experiment performed in Phase 2. The
peak for ATZ is seen at approximately 2 minutes. All the peaks detected with an area less
than that of the compound at approximately 0.8 minutes are considered noise. Initial
experimental conditions: pH 7 (5mM phosphate buffer), 320 μM tert-butanol, 10 mg/L
ATZ.

In the Cochran study used as a comparison in Phase 2, a similar compound was detected
before the ATZ compound with peaks at approximately 5 minutes and 8 minutes,
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respectively (Figure 5-2). We suspect this is the same compound, emerging at a different
time due to utilization of a different HPLC for this study.

Figure 19. HPLC Results of an ATZ AOP Experiment by Cochran [1] Showing
Similar Peak Before the ATZ peak. The time and magnitude of the peaks in the
comparison study differ because a different HPLC was used which required a method
with a slower flow rate.
The unknown peak, briefly discussed in Cochran’s study [1], was assumed to be a
breakdown product of ATZ. In comparing the concentration of the unknown compound
to that of ATZ, the total concentration of the two compounds seemed to add to
approximately the initial concentration of ATZ before the AOP reaction occurred. With
these results, it was concluded in the previous study that the peak was a breakdown
product formed by the degradation of ATZ.
However, in this study, a similar peak was detected in the control experiments where no
ATZ degradation was observed. Figure 5-3, depicting the HPLC results of an ATZ
control experiment, which contained only phosphate buffer, TBA, and ATZ dissolved in
methanol, is nearly identical to Figure 5-1.
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Figure 20. HPLC Results of an ATZ Control Experiment Highlighting the Same
Peak of an Unknown Compound as the AOP Experiment. Analytical results from an
experiment performed in Phase 2. Initial experimental conditions: pH 7 (5mM phosphate
buffer), 320 μM tert-butanol, 10 mg/L ATZ. No ozone or MWCNTs were added to this
system.

This result was consistent throughout every experiment done using ATZ in Phase 2 and
3. There was minimal variation in the concentration of the unknown compound,
regardless of the amount of ATZ degradation observed (Figure 5-4). Another interesting
result was observed in a few experiments, where the compound concentration increased
over time as the ATZ concentration remained constant (Figure 5-5).

54

a.

b.

Figure 21. Comparison Between HPLC Results of (a) the Control Experiment
versus (b) the AOP Experiment Over Time. Analytical results from Phase 2 where
samples where taken at six time intervals over a two-minute period. Both the control and
the AOP experiments consistently show a peak of an unknown compound before the
ATZ peak. Initial experimental conditions: pH 7 (5mM phosphate buffer), 320 μM tertbutanol, 10 mg/L ATZ. Experiment (a) did not involve the addition of ozone or
MWCNTs. Experiment (b) was continuously ozonated with 200 μM ozone and a
MWCNT concentration of 10 mg/L was injected at t = 0 seconds.
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Figure 22. Control Experiment Showing the Peak of the Unknown Compound
Increasing Over Time. Analytical results from Phase 2 where samples where taken at
six time intervals over a two-minute period. Initial experimental conditions: pH 7 (5mM
phosphate buffer), 320 μM tert-butanol, 10 mg/L ATZ. No ozone or MWCNTs were
added to this system.

The presence of the unknown compound in every ATZ experiment, including controls, in
this study, disagree with the idea that the additional peak is solely caused by a breakdown
product of ATZ degradation. Methanol was used as a solvent to create a higher
concentration of stock ATZ solution to use in the experiments for this study, which was
not done in the Cochran study. Since the compound was detected in both studies, it is not
assumed that it is a product of methanol presence in the system. Control experiments
were performed to determine if there was any adverse effect of adding methanol to the
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system (Appendix B) and no correlation was found. Additional experiments should be
done to better understand the unknown compound that has been detected.
5.1.3 Further Emerging Contaminant AOP Candidates
New emerging contaminants are continuously being detected in the environment [7]. As
more information is gathered on the environmental and human health effects of these
contaminants, it is important to understand what advanced treatment methods can be
utilized to eliminate them from water systems. Continued research into the efficacy of the
continuous ozone/MWCNT AOP against other types of contaminants will be beneficial
to the field of advanced water treatment as these issues persist and grow.
In previous studies related to the application of the ozone/MWCNT AOP, the targeted
contaminants included primarily pharmaceuticals and personal care products (Figure 5-6)
and pesticides [1], [6]. There are many compounds within those categories and beyond
that have been deemed emerging contaminants and are recalcitrant to tradition treatment
methods [6]. Exploration of the degradation reactions of more of these compounds
achieved by the AOP will allow for better categorization of which contaminants will be
eliminated by this advanced treatment process.
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Figure 23. Log10 Removal of Various Compounds Achieved by Traditional
Wastewater Treatment Processes. Adopted from Oulton [6].
More compounds should be used in experimental data to broaden the understanding of
which compounds are eliminated by advanced treatment and which persist, presenting the
need for further advancement in treatment technology. In future research, it will be
important to diversify the types of compounds that are used in experiments, while also
finding compounds that the available analytical equipment is capable of processing.
5.1.4 Flow-Through Membrane Technology
Based on the results of this study, there is much more that needs to be understood about
the continuous flow-through method of the continuous ozonation/MWCNT AOP before it
can be a commercially feasible treatment method. The first issue that must be addressed
is the lack of consistency in the results related to retention time, removal efficiency, and
optimization. More time must be spent on developing and performing quality control and
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quality assurance measures that result in more repeatable experiments. The results from
this study were not consistent, considering that the five membranes prepared using the
same method had such variance in retention time and efficacy.
Once a repeatable method is developed, the next goal in flow-through membrane research
is to modify the variables to optimize the process. For this AOP to be feasible,
contaminant removal must at least be greater than regulatory limits for the contaminants
that are currently regulated. Retention times must also be reasonable as to not hinder the
flowrate of the system significantly.
This study only analyzed one simple method of membrane fabrication, but previous
studies have explored a variety of options, including different membrane materials (i.e.
ceramic disc filters) and embedment methods (i.e. heat fusing) [12]. Other methods may
be more effective in preventing the CNTs from being dislodged from the membrane
during use and may make them more durable and reliable.
5.1.5 CNT Waste Stream Considerations
CNTs are an emerging material in the world of nanotechnology because of their strong
physiochemical properties [25]. The various forms of CNTs have been adopted for uses
in the medical field, electronics, material science, wastewater treatment, etc. [25], [26],
[27]. However, many of the same properties that make CNTs ideal for these uses can also
be associated with negative effects to humans and the environment [25]. With the everexpanding utilization of CNTs come concerns of human or environment exposure to
unhealthy concentrations of the material. This concern makes CNTs themselves
considered an emerging contaminant.
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The toxicity of CNTs has been the subject of many research studies since it is so new,
and many applications involve direct contact with humans or the environment. CNTs can
enter living organisms through inhalation, ingestion, injection, and skin or eye contact
[25]. Studies have detected cytotoxicity and DNA damage as a result of CNT exposure.
With the ability of CNTs to increase the presence of free radicals (such as •OH),
exposure puts oxidative stress on cells [25], [27]. The studies conducted thus far have
been performed on animals (in vivo and in vitro) so the adverse effects on human health
are suspected, but not yet concluded [25]. Therefore, toxicity limit regulations have not
yet been set and bioaccumulation can continue indefinitely [28].
In the experiments performed in this study, the MWCNTs were treated as hazardous
waste and were disposed of appropriately. If the technology became commercially
available, proper handling must be considered. With the proposed use of CNTs in
advanced wastewater treatment systems, the most likely route of exposure would be skin
contact or inhalation by the operators as they maintain and replace membranes. Another
concern is the potential environmental impacts should the embedded CNTs become
dislodged and join the effluent stream entering the environment. In any case, as research
on this technology proceeds toward a commercially viable product, more efficient ways
to reduce movement of CNTs should be considered.
5.2 Contributions to Advanced Water and Wastewater Treatment
The research presented in this study aimed at furthering our understanding of the
ozone/MWCNT AOP technology. Ozone/MWCNT AOP have already been proven to
achieve comparable results in terms of contaminant degradation to other commonly used
AOPs. Advancement of this technology may eventually lead to toward a feasible option
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for application in advanced tertiary water treatment. Once reliable results are achieved
with the continuous flow-through AOP system, an LCA must be performed to compare
the economic and environmental impacts of this AOP to other exiting AOPs. With
commercially viable AOPs that are able to treat emerging contaminants to acceptable
levels, there can be more confidence in the idea of water reuse.
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APPENDICES
Appendix A: HPLC Calibration Curves
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Figure 24. p-CBA Calibration Curve. p-CBA dissolved in DI water at 5 known
concentrations (5 μM, 1 μM, 0.5 μM, 0.2 μM, and 0.1 μM). The average of duplicate
experiments was plotted.
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Figure 25. ATZ Dissolved in DI Water Calibration Curve. ATZ in DI water at 5
known concentrations (10 mg/L, 5 mg/L, 1 mg/L, 0.1 mg/L, and 0.01 mg/L). The average
of duplicate experiments was plotted.
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Figure 26. ATZ Dissolved in Methanol Calibration Curve. ATZ dissolved in
methanol, diluted with DI water at 4 known concentrations (10 mg/L, 5 mg/L, 1 mg/L,
and 0.01 mg/L). The average of duplicate experiments was plotted.
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Appendix B: QA/QC Experiments for ATZ Dissolved in Methanol
To determine if the addition of methanol would have an effect of the outcome of the ATZ
experiments, the p-CBA experiment (Phase 1) was run with methanol added to the
system at the same concentration as it would be in the ATZ experiments. Figure B-1
shows the p-CBA degradation curve that resulted from these experiments.
1.2

p-CBA]t/[p-CBA]o

1
0.8
0.6
0.4
0.2
0
0

20

40

60

80

100

120

140

Time (s)
Figure 27. p-CBA Concentration as a Function of Time. Data were averaged for
duplicate experiments and the standard deviations are displayed as error bars. The
average ozone concentration was 350 μM and a MWCNT concentration of 5 mg/L was
added. Initial experimental conditions: pH 7 (5 mM phosphate buffer), 320 μM tertbutanol, 2 μM p-CBA, 0.12 M MeOH.

The p-CBA degradation curve of this system closely resembled the curve of the 5 mg/L
MWCNT experiments in Phase 1 (Figure 4-1). However, this experiment achieved 13%
less p-CBA degradation than the Phase 1 experiments. This could indicate that methanol
acted as an additional competitor in the ATZ system.
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